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Abstract 
The paper shows the presents results of studies of small-size rubidium cells with argon and neon buffer gases, produced by a 
patent pended technique of laser welding [Fishman et al. (2014)]. Cells were designed for miniature frequency standard.  
Temperature dependence of the frequency of the coherent population trapping (CPT) resonance was measured and used to 
optimize the ratio of partial pressures of buffer gases. The influence of duration and regime of annealing on the CPT-resonance 
frequency drift was investigated. The parameters of the FM modulation of laser current for two cases which correspond to the 
highest amplitude of CPT resonance and to the smallest light shifts of the resonance frequency  were determined. The 
temperature dependences of the CPT resonance frequency were found to be surprisingly different in the two cases. A non-linear 
dependence of CPT resonance frequency on the temperature of the cell with the two extremes was revealed for one of these 
cases. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
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1. Introduction 
In spite of the fact that Chip Scale Atomic Clocks (CSAC) with amazing set of characteristics have been 
developed  by Symmetricom company, many countries including Russia proceed to study the phenomenon of 
Coherent Population Trapping (CPT) and its applications. A cell with alkali atoms is the main unit of quantum 
devices based on CPT since it determines such metrological parameters as dependences of the CPT resonance 
frequency on temperature and laser power and long term drifts of the resonance stemming from the physical and 
chemical processes on the internal surfaces of cells. We describe a set-up built for measuring these properties of all-
glass cells made by a new technology [Fishman et al. (2014)] and present first results. Buffer gas mixture of argon 
and neon is utilized to suppress the collisions of rubidium atoms with the walls of the cell. Neon increases resonance 
frequency with increasing both temperature and pressure, whereas argon reduces this frequency for the same 
variations of temperature and pressure [Vanier et al. (1989)]. The temperature dependence of the CPT resonance 
frequency, light shifts and frequency drift associated with the release of gases from the cell surface layer must be 
suppressed to improve the long-term frequency stability [Knappe et al. (2006)]. Temperature frequency shift is 
suppressed by optimizing the ratio of partial pressure of the buffer gases. The magnitude and sign of light shifts are 
determined by the spectrum of the laser radiation. It can be suppressed by choosing the proper index of laser 
frequency modulation [Zhu et al. (2000)]. 
2. Experimental set-up 
2.1. The optical scheme 
We use a vertical cavity surface emitting diode laser (VCSEL) to study the parameters of CPT resonance. Laser 
current is modulated with a microwave signal at the half (3.4 GHz) of the hyperfine transition frequency of87Rb 
ground state so that the first order sidebands in the spectrum of the laser are in resonance with components of 
components of the D1 line.  
 
Fig. 1.The optical scheme. 
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Optical scheme of the experimental setup shown in Figure 1 is typical and doesn’t need many comments. We 
only note that the half-wave plate in front of the optical isolator is used to control the radiation power and quarter-
wave plate is inserted  to convert linear convertlinearlight polarization into circular one.  
2.2. Schematic of the Rb CPT clock used to test Ne-Ar microcells 
Figure 2 shows the electronic scheme of the set-up. The microwave frequency of a signal generator (Agilent 
E4428C) is stabilized to the CPT resonance by sending feedback signal to quartz oscillator of the same generator. 
The system includes also a lock-in amplifier and a PID regulator. The quartz oscillator- and microwave frequencies 
are coupled via synthesizer. The laser frequencies are stabilized by using the dependence of absorption in the cell on 
the detuning of the two first-order side bands relative to the hyperfine components of D1 line. Frequency of the 
crystal oscillator is measured and displayed with Symmetricom 5120Ⱥ frequency counter.  
3. Experimental results 
The published data on the temperature frequency shifts of the Rb hyperfine transition in gases argon and neon are 
few and they vary considerably [Vanier et al. (1989), Pihtelev et al. (1978)], so we made our own measurements of 
the temperature frequency coefficient (TFC) in pure argon and neon. As the sealing process is accompanied by 
partial escape of buffer gas from the cell volume due to heating, TFɋ measurements were made also in the control 
cells of large sizes. The control cells of the same thickness (5mm) and of greater diameter (15 mm) than that of 
small cells were filled with buffer gas simultaneously with filling the small cells. The sealing of the large cells was 
made by glass blowing technique at the end of a long tube in order to minimize the exit of gases during the sealing. 
The comparison of data obtained with the control and small cells allowed us to estimate the ratio of nominal 
pressure (filled in the chamber) to the real one in small cells. These ratios were found to be 1.3 for Ar- and 1.6 for 
Ne gases. 
 
Fig. 2. Schematic of the Rb CPT clock used to test Ne-Ar microcells. 
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The proportion of partial pressures of buffer gases, which is needed to minimize temperature shifts, was 
determined from the measured TFC in control cells filled with pure buffer gases. Proper mixing of gases based on 
this calibration allowed the for reducing of TCF to the value1 Hz/°C (for total pressure of 300 Torr). A further 
suppression of the temperature shift to the value of 0.1 – 0.3 Hz/°C was achieved through a gradual increase of Ne 
gas pressure.  
The cells have a considerable drift of the CPT resonance frequency right after their production. It depends on the 
temperature and decreases with time. The relative magnitude of these drifts can reach values of the order of 10-7 – 
10-8 order per hour at the beginning. To suppress drift the ready-made cells were annealed at a temperature of 
100°C for 30-40 hours. 
As a result the drift per one hour becomes indistinguishable against the background of the relative fluctuations of 
the resonance frequency. The value of relative frequency drift per hour does not exceed 10-11 – 10-12 depending on 
the measurement conditions.  
Since we are interested in the use of rubidium cells in real atomic clock prototype, CPT resonance frequency 
behavior was also investigated at the conditions that were as close as possible to the conditions in which physical 
package with a cell and VCSEL operate. We studied two regimes, determined by different power of the modulating 
microwave signal at a given temperature and current of VCSEL that provided DL-wavelength tuning to the 
resonance D1line. An “A” regime corresponds to the highest amplitude of the amplitude of  the CPT resonance 
signal. Emission spectrum in this case is shown in Figure 3. 
 
Fig. 3. Spectrum of laser in the A mode. 
The B regime, with a power of the microwave signal being approximately three times greater than in the “A” 
case, corresponds to the minimum of the frequency dependence of the CPT resonance on the power of the 
microwave signal. The amplitude of the CPT resonance decreases by the factor of 1,5 – 2,5  in this case, and the 
amplitude of the sidebands of second and higher orders significantly increases. The CPT resonance parameters were 
measured in the cells with different ratios of buffer gases in the two regimes. Cells with very small TFC have a non-
linear frequency vs temperature dependence with two extremuma in the “A” case, and differ from that observed for 
the “B” regime. The dependences of the resonance frequency on the temperature systematically observed in 
different cells for both regimes are shown on Figure 4.  
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Fig. 4. CPT resonance frequency detuning from the initial on temperature dependence in a cell with TFC close to zero in (a) A mode and (b) B 
mode. 
Two extremum are extremuma are observed in the frequency vs temperature dependence for the values of 71 °C 
and 84 ° C, and the maximum of amplitude of the CPT resonance takes place close to the lower point. The 
difference in power of the microwave signal results in a change in the laser radiation spectrum, so that in the “B” 
regime the carrier and two first order side bands have significantly lower optical power than in “A” regime of 
operation. Measurements showed that the absolute value of light shifts in “B” regime was at least 10 times smaller 
than in the “A” case. 
The nonlinear “B” dependence can be explained by inhomogeneity of light shifts in the longitudinal direction of 
the cell produced by the large absorption at elevated temperatures. The rise of the temperature increases the 
absorption of the first resonant sidebands, which cause the increase of which cause in the increase of the hyperfine 
transition frequency due to the light shift. Hence, the “local” resonance frequency decreases as laser radiation 
propagates along the cell shifting the maximum of CPT resonance to lower frequencies, as observed on Figure 4 in 
the “B” regime. Surprisingly, in the “A” regime the light shift has the opposite sign at high temperatures and it’s 
dependence has a second extremum.The explanation of this dependence has not been found yet, however the work 
on explanation and possible applications of these features continues. 
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